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EFFECT CF THREE FLAME-HOLDER CONFIGURATIONS ON SUBSCNIC FLIGHT
PERFORMANCE OF RECTANGULAR RAM JET OVER RANGE OF ALTITUDES

By Dugald 0. Bl ack amd sl ey E. Messing

SUMMARY

A flight investigation has been conducted on a rectangul ar ram
jet over a rangeof fuel-air ratios from0.017 to 0.120, combustion-
chanmber-inlet velocities from50 to 125 feet per second, and pressure
altitudes from 1500 to 28,000 feet.

A comparative study i s presented to determne the effects of
altitude, combustion-&enber-inlet velocity, and fuel-air ratio on
starting characteristics, mnimmblowout |imts, conbustion effi-
ciency, gas total-tenperature ratio, and net-thrust coefficient for
three flane hol ders of similar design but different ratios of flame-
hol der area t o0 combustion-chamber area.

At all altitudes, combustion efficiencies for the three-V
fleme hol der, which varied froma nmaxi numof 82 percent at 1500 feet
to 39 percent at 26,000 feet, were slightly higher than the effi-
cienoles obtained with the two-V and four-V flame hol ders. Higher
combusti on efficiencies Were obtained with the two-V flame hol der
than with the four-V flanme holder. The highest gas total-tenperature
ratio (7.10) occurred at 6000 feet when the ramjet was operating
at a fuel-air ratio of 0.082 with the three-V flame holder. The
hi ghest net-thrust coefficient was obtained with the two-V flane
hol der and the | owest values were obtained with the four-V flame
hol der at any given altitude and fuel-air ratio. In general, increas-
ing the flame-hol der area increased the value of fuel-air ratio at
which ignition occurred amd decreased the maximum altitude at which
ignition was possible for a given airspeed

INTRODUCTION
As part of an extensive study on ramjets as aircraft propul sive

power plants, flight investigations are being conducted at the NACA
Ceveland |aboratory on a wng-type, rectangular ramjet installed

-t
.
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beneath the fusel age of a twi n-engine, fighter-type airplane. During
a test-stand investigation (reference 1), a similar engine was satis-
factorily operated over a range of fuel-air ratios from 0.025 to 0.083
The performance and operational characteristics of the wi ng-type ram
jet were determned in flight over a range of altitudes for one
f1ame-hol der design (reference 2).

Two additional flame holders of simlar design, but having a
| ower ratio of flame-holder area to combustion-chamber area, were
investigated over a range of fuel-air ratios frem 0.017 to 0.120,
cambustion-chamber-inlet vel ocities from50 to 125 feet per second,
and pressure altitudes from 1500 to 28,000 feet to determne the
change in performance and operati onal characteristics of the engine.
A comparative study to determne the effects of altitude, conbustion-
chamber-inlet velocity, and fuel-air ratio on starting characteristics,
m ni mumbl owout linmts, combustion efficiency, gas total -tenperature
ratio, and net-thrust coefficient for the various flanme-hol der con-
figurations is presented

APPARATUS ARD PROCEDURE

The wi ng-type, rectangular ramjet was supported by streanlined
struts beneath the fuselage of a twfn-engine, fighter-type airplane
as shown in figure 1. A schematic diagramof the ramjet giving all
the main dimensions is shown in figure 2. The ramjet is nore fully
described in reference 2

The ccumbustion chanber was cooled anmd the fuel was preheated by

introducing the fuel at the rear of the ram jet and circulating it
under pressure through a corrugated manifold, which Wwas seam wel ded
to the combustion chamber, t 0 a cammon fuel -spray bar. The fuel-
spray bar, |ocated al ong the horizontal center Iine of the di f fuser,
contained Si X evenly spaced nozzles, each rated at 40 gal |l ons of
fuel per hour at a fuel pressure of 100 pourds per square inch, The
fuel used in this investigation was 73-octane gasoline (AN-F-23a).
I gnitionwas initiated by a converted aircraft sparkplug. Tufts
were nmounted on the top amd bottomwalls of the diffuser just for-
ward of the flanme holder in order to determ ne whether conbustion
advanced upstreamof the flanme hol der to the fuel -spray nozzles.

The three flane-holder configurations investigated (fig. 3)
conaisted Of seventeen vertical anmd two, three, amd four horizonta
V-shaped gutters, and were fabricated fram 0.064~-inch Inconel.

The ratios of flane-holder area to combustion-chamber area and the
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Pp-Py

92
outl et P, is static pressure at conbustion-chanmber outlet, and

q, 18 dynam c pressure at di ffuser outlet) w thout combustion are:

neasur ed

values (where P, is static pressure at diffuser

Fl ane hol der Fl ame- hol der area
b if - Po-~P,
1(12;?22;21 Conbusti on- chanber area g ¢
gutters) iz
2 0. 49 2.3
3 .55 2.6
4 .80 3.1

These flane-hol der configurations are herein designated two-V, three-V,
and four-V flame hol ders.

Engi ne air flow was cal cul at ed from total and static pressures
measured at the diffuser inlet by three total- and static-pressure
rakes and eighteen static-pressure wall orifices and fromthe free-
air tenperature, which was indicated by an iron-constantan therno-
couple installed. tier the left wing of the airplane. Fuel flow was
measured by avane-type flowmeter. Total anmdstatic pressures at
t he combustion-chamber outl et were measured by awater-cool ed total -
pressure rake and two static-pressure wall orifices. Aircraft
indicators Wwere used to obtain indicated airspeed amd altitude as
measured by a swiveling static-pressure tube andashrouded total~-
pressure tube installed on a boam 1 ohord | ength ahead of the |eading

edge of the right wing tip. The complete i nstrunentation is described
i N reference 2.

Most of the combustion data were obtained for each flane hol der
at pressure al titudes of 1500, 6000, 16,000, and 26,000 feet. In
order to obtain simlar flight comditions for the three flane hol ders,
the investigati ons were comducted ata constanti ndi cated airspeed
of 200 mles per hour at altitudes of 1500, 8000, and 16, 000 feet.
At an altitude of 26,000 feet, the operating range of fuel-air ratio
was SO marrow that the indicated airspeed was decreased from 200
to 160 mles per hour in order to obtain sufficient data for com
parative purposes. Starting characteristics were obtained over a
range of pressure altitudes from 1500 to 28,000 feet, and indicated
airspeeds of 105 to 200 nmiles per hour.
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SYMBOLS
The fol | ow ng symbols are used in this report:
A conbusti on- chanber cross-sectional ares, square feet

Apgy Daximum combustion-chamber. cross-sectional. area, 1.84 square feet
Cp net-thrust coefficient
net thrust, pounds

£/a fuel-air ratio

g acceleration due t 0 gravity, 32.17 feet per second per second

Hy enthal py of air and fuel before combustion, Btu per pound of
original alr

Hg enthal py of burmed gases at exhaust-gas tenperature, Btu per
pound of original air

he | oner heating value of fuel, 18,6508 Btu per pound

my mags air flow, slugs per second

mg nmass exhaust-gas fl ow, slugs per second

P total pressure, pounds per square foot absolute

P static pressure, pounds per squcre foot absol ute

q dynamlc pressure, pounds per square foot

R gas oonstant, foot-pounds per °F per pound

T total tenperature, °R

V velocity, feet per second

\% ratio of specific heat at oonstant pressure to specific
heat at constant vol une

M, combustion ef fici ency, percent

T gas total-temperature rati o, rati o of exhaust-gas temperature

Ty to anbient-air tenperature Ty

a——
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Subscripts:

0 equi val ent free-stream condition

1 di ffuser inlet

2 diffuser outlet (in frontof flanme hol der)

4 combustion-chamber out | et

METHOD OF CALCULATIOHNS

The exhaust-gas tenperature Ty wae calculated from the measured

gas flow at the combustion-chamber outlet according to the follow ng
equat i on:

741 74-1

. P, 28,7\ 27, <P4> 4 74
4 = - a5 -
SR4m2 74 1 p4 1 ( )
The conbustion efficiency m, was deternined by the equation
Ey

The net-thrust coefficient CF wae calculated according to the
foll owing equation:

Fn

4P max

Cp =

wher e

Fn = mgly - MV + Ay (24-00)

RESULTS AWD DISCUSSION

Visual observations were sinmilar to those reported in reference 2;
that is, at altitudes of 1500 and 6000 feet, the exhaust flane extended

T
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approxi mately 1 foot beyond the engine outlet and wee |ight blue at
gtolchiometric f uel mixtures. |Increasing the fuel-air ratio increased
the flame |length and the col or becane yell ow because of afterburning
of the excess fuel. An increame in altitude decreased the visibility
of the flane and above 16,000 feet the flane was no longer visible
even at rich fuel-air ratios. No noticeable difference in fl| ane

| ength or oolcr was observed for the different flane-hol der configu-
rations when operating at simlar conditions.

Rough engi ne operation was encountered at an Indicated airspeed
of 200 mles per hour at all altitudes with the two-V flane holder as
the fuel-air ratio approaohed the lean blowout [inmt. The same con-
dition was observed wth the three-v fl| ane hol der atand above
6000 feet and With the four~V flane hol der at and above 16,000 feet.
Rough engine operation was also encountered at fuel-air ratios above
0.087 and O Il Owth the three-V and fow-v flane hol ders, respectively,
at an altitude of 26,000 feet amd an indicated airspeed of 160 miles
per hour. At 26,000 feet and 200 ml|es per hour, the ram Jet could
not be operated with the two-V or four-V flanme hol der over a range
of fuel-air ratios sufficiently W de for comparison. No attenpt was
made to operate the ram Jet with the three-V flame hol der at this
comdition. Reducing the indicated airspeed at 26, 000 feet from 200
to 160 mles per hour resulted in smooth combustion for eaoh flame-
hol der configuration. Ingeneral, increasingthe flane-holder area
resulted in an increased operating range of fuel-air ratio for emooth
conmbustion

The ram Jet cooled properly at all operating conditions for
each of the three flane-hol der configurations. Maximum combustion-
ohanmber-wal | tenperatures were obtained at an altitude of 1500 feet
and were 410°, 382°, and 350° F for the two-V, three-V, and four-V flanme
hol der s, respectively. An increase in altitude resulted in a decrease
I n combustion-chamber-wall t enperat ure

At no time did the tufts mounted on the diffuser walls indicate
any apparent combustion forward of the flame hol der

The starting characteristics of the ramJet with eaoh flame-
hol der configuration are given in table |I. For the determination of
the ignition ﬁoint, constant indicated airspeed amd altitude were
mai nt ai ned, the spark was turned on, and the fuel flow was increased
until ignition occurred. The fusel-aix ratio at whloh ignition occcurred
1g defined as the ratio of the fuel flow at ignition to the engine air
flow as measured W thout combustion. At amd above an altitude of
16,000 feet, the ramJet oould not be started at an indicated airspeed
of 200 miles per hour. The indicated airspeeds given at and above

120T



NACA RM No. ESIOL A 7

16,000 feet are therefore approxi mtely the maximum ai rspeeds at
which ignition could be initiated. by the shielded spark plug. For
each flane hol der, increasing the altitude increased the val ue of
the fuel-air ratio at whioh ignition occurred and deoreased the
value of maxi mum indicated airspeed at whi ch ignition was possible.

The two-V flame holder initiated conbustion at a |eaner fuel=
air ratio than did the three-V and four-V flame hol ders at a given
altitude and airspeed (table 1). Conbustion could also be initiated
at a maxinmumal titude of 28,000 feet with the two-V flane hol der
(indicated airspeed, 105 to 115 nph), as compared with 25,300 feet
Wi th the three-V fl ame hol der and 22,500 feet wth the four-v fl anme
hol der. | n general, increasing the fl| ane-hol der area increased the
value of fuel-air ratio at whioh ignition occurred and deoreased
the maximum altitude atwhich ignition was possible for a given
indlcated ai r speed

The effects of fuel-air rati o on combustion efficiency are shown
in figure 4 for the tw-V, three-V, and four-V flame holders with

P2-Py
92

respectively, at altitudes of 1500, 6000, 16,000 and 26, OCC f eet

end given airspeeds. The val ue of” ccmbustion-chember-inlet velocity
is given foreach data point and the average val ue of ambient inlet-
air temperature i S given for each curve. At all altitudes, the peak
in t he combustien-efficiency curve occurs at slightly | ower val ues

of fuel-air ratio for the two-V flame holder than for the three-8 flame
hol der and the peak efficiency for the three-V flane hol der occurs

at lower values of fuel-air ratio than for the four-V f£lame hol der.
For each flane hol der, increasing the altitude reaulted i n a peak
cambustion ef fioi enoy at higher val ues of fuel-air ratio. The highest
combustion effioiencles for all the flanme hol ders ooourred at the

| ow altitudes; in general, an increase in altitude resulted in a
decrease in combustion efficiency. This decrease 1s attributed to
the combined effects of a decrease in alr pressure, air tenperature,
end fuel pressure, which resulted in a decrease in até&cation of the
fuel and penetration of the fuel particles in the air Stream

nmeasur ed

val ues (without combustion) of 2.3, 2.6, and 3.1,

O the three flame hol ders investigated, slightly higher combustion
efficiencies occurred at all altitudes W th the three-V flane hol der,
and the two-¥ f| ame hol der produced higher efficiencies than did the
four-V flame holder. The conbustion efficiency for the three-V flane
hol der varied from a maximum of 82 percent at 1500 feet to 39 percent
at 26,000 feet, conpared with a variation from81 to 31 percent for
the two-V flame hol der and a variation from?75 to 31 percent for the

‘el
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four-V flame holder. The ability of the three-V flame hol der to
produce hi gher combuation efficiencies is shown in figure 4(d) for

an altitude of 26,000 feet, where at stoichiometric nixture (fuel-air
ratio, 0.067) a value of 39 percent was obteined as conpared with

31 percent for the two-V flame hol der and 28 percent for the four-V
flame holder. The | ower val ues of ccmbustion efficiency obtained with
the four-V flame hol der may be part4 attributed to the | ower ambient-
air tenperature encountered with the four-V flame hol der, inasmuch as
reference 3 shows that when other factors were hel d constant a decrease
in combustion-air tenperature resulted in adecrease in combustion
efficiency. Conbustion-efficiency data presented for the three-V flame
hol der at 6000 feet, however, were taken from five flights in which

the anbient inlet-air tenperature varied from 22° to 51° F. Because
these data could be plotted as a single curve, the small variation in
anbient inlet-air tenperature for the three flanme hol ders was believed
to have a negligible effeot on cambustion effi oi enoy.

The tail ed symbols in figure 4 indicate the fuel-air rati o at
whi ch bl ow-out occurred, which is defined as the ratio of fuel flow
at blowout to the engine air f|l ow immediately precedi ng bl ow out.
At altitudes of 1500 amd 6000 feet, the ramJet could be operated
at lower values of fuel-air ratio before encountering bl owout with
either the three-V or four-V flame hol der than with the two-V flane
hol der (£igs. 4(a) and 4(b)). The two-Vfl ame hol derwas umable to
mai nt ai n stabl e combugtion at low val ues of fuel-air rati o and com=
bustion efficiency, and bl ow-out Was sudden and unexpected. At
altitudes of 16, 000 and 26, 000 feet, the four-V flame hol der operated at
| ower fuel-air ratios than the two-V and three-V f|anme hol ders

(figs. 4(c) and 4(d)).

The effeots of fuel-air ratio on gas total-tenperature ratio are
given in figure 5 for the three flame holders for altitudes of 1500,
6000, 16, 000, anmd 26,000 feet. |nasnuchas gas total-tenperature
ratfo i s a funoction of both combustion efficiency and fuel-air ratio,
the trends observed in figure 4 are not necessarily repeated in fig-
ure 5. The hi ghest temperature ratio (7.10) occurred at 6000 feet
with the three-V flane holder at a fuel-air ratio of 0.082 (fig 5(h))
The highest tenperature ratio for the two-V flame hol der (6. 60)
occurred at 16,000 feet at a fuel-air ratio of 0,088 (fig. 5(c)) and
the highest value for the four-¥ flane hol der (6.60) occurred at
1500 feet at a fuel-air ratio of 0.075 (fig. 5(a)). In general
increasing t he fl ane-hol der area resulted in peak val ues of gas total-
tenperature ratio at higher values of fuel-air ratio for a given altitude
condition.
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The effect of fuel-air ratio on the net-thrust coefficient for
the two-V, three-v, and four-v flane holders at altitudes of 1500,
6000, 16,000, and 26,000 feet is presented in figure 6. In general
t he highest net-thrust coefficients occurred with the two-V flane
hol der and the | owest coefficients ooourred with the four-V flane
hol der at any given altitude and fuel-air ratio. Apparently the

| over value of E%_Eé (Wit hout cembustion) resulting from the | ower
2 .
ratio of flanme-hol der area to ocnbustion-chanber area of the two-V
flame hol der more than offset its slightly |ower values of gas total-
temperature rati o and therefore resulted in generally higher val ues
of net-thrust coefficient. From the data presented in figure 6, it
is apparent that as the fuel-air ratio increased froem the |ean bl ow
out val ue a rapi d increase in net-thrust coefficient ooourred,
followed by a gradual |eveling of the curve. At the low al titudes
(1500 and 6000 feet), the net-thrust-coefficient curves begin to | eve
of f at fuel-air ratios from 0.06 to 0.07 and operation at richer
mixtures did not result in any appreoiable Increase in net-thrust
coefficient. The ranges of net-thrust coefficiente for each flane
hol der were approximately the sane for eaoh altitude, except at
26,000 feet where the reduction in indicated airspeed of from 200
to 160 nmles per hour resulted in |ower values of flight Mach number
and therefore | ower net-thrust coefficients. Im general, Increasing
the flane-hol der area increased. the value of fuel-air ratio at which
t he maximum net-thrust coefficient ooourred.

SMMARY OF RESULTS

Fromthe flight investigation conducted on a rectangul ar ram
jet incorporating three different flame-holder configurations, over
a range of pressure altitudes from 1500 wo 28, 000 feet, combustion-
chanmber-inlet velocities from50 to 125 feet per second, and fuel-air
ratios from 0.017 to 0.120, the following results were obtained

1. O the flane holders investigated, slightly higher peak com-
bustion efficiencies were obtained at all altitudes with the three-V
flane holder and the two-V flame holder resulted in slightly higher
values than the four-V flame holder. The altitude effects on the
maxi mum oonbustion efficiencies n, for eaoh flane holder, the

Po-P :
il (wi t hout
1z
conmbustion) (where P, 1s static pressure at diffuser outlet, p,

1s static pressure at conbustion-chanber outlet, and qzis dynamic
pressure at diffueer outlet) are as foll ows:

corresponding value8 of fuel-air ratio f/a and of

S
e Lo
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Altitude (ft) Flame hol der | py-p, 10 £
QZ a
1, 500 Two- v 2.3 81 1 0.050
Three-V 2.6 82 .058
Four -V 3.1 75 062
6, 000 Two=-V 2.3 72 0. 052
Three-V 2.6 75 .080
Four -V 3.1 62 .067
16, 000 Two- v 2.3 60 | 0.063
Three-V 2.6 62 , 067
Four -V 3.1 45 ,073
26, 000 Two-V 2.3 31 1 0.070
Three-V 2.6 39 .072
Four -V 3.1 31 .085

2. The highest gas total-tenperature ratio (7.10) was obtained at
68000 feet with the three-V flame hol der operating at a fuel-air ratio
of 0.082. The highest tenperature ratio for the two-V flane hol der
(6.60) occurred at 16,000 feet at a fuel-air ratio of 0.088 and the
hi ghest val ue for the four-V flane hol der (6.60) occurred at 1500 feet
at a fuel-air ratio of 0.075

3. The highest net-thrust coefficients occurred with the two-V
fl'ame hol der and the lowest val ues occurred with the four-V flane
hol der at any given altitude andfuel-air ratio. The |ower value

DPo-P
of 2°%4

92
fl ame- hol der area t o combustion-chamber area of the two-V £lame hol der
more than offset Its slightly | ower valuesof gas total-tenperature
ratio anmd therefore resulted in generally higher values of net-thrust
coefficients.

(wi thout conbustion) resulting from the lower ratio of

4. In general, increasing the flane-hol der area increased the
value of fuel-air ratio at which Ignition occurred and decreased the
maximum al titude at which ignition was possible for a given airspeed.
At an indicated airspeed of approximtely 115 miles per hour, com-
bustion coul d be Initiated at 28,000 feet with the two=V flame hol der

as oonmpared with 25,300 feet with the three-v flame hol der and 22,500 feet

with the four-¥ fl ame hol der.

Lewi s Fl i ght Propulsion Laboratory, .
National Advisory Committee for Aeronautics
Cleveland, Onio

ooy e, 5
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TABLE | . - STARTING CHARACTERISTICS OF RAM JET

WITH THREE FLAME-HOLDER CONFIGURATIONS

Two-V f| ane hol der

Altitwde Indicated Fuel - al
(f£t) airspeed ratio
(nph)
1,500 200 0.019
’ 200 .027
6, 000 200 .022
16, 000 160 .047
21, 500 115 .045
22,000 115 .057
24, 400 115 .078
27, 200 120 .097
27,500 120 .098
27,600 115 , 086
28, 000 112 , 094
Three-V flanme hol der
1, 500 200 0.017
6, 000 200 .036
6, 000 200 .037
16,000 160 .052
20,100 120 .077
133, 000 110 .080
23,850 118 .093
25, 300 105 .084
Four-V flame hol der
1, 500 200 0.028
3, 000 200 ,036
6, 000 200 .038
I, 000 160 .038
11,000 160 .044
18,000 160 .052
18,000 125 .087
"_?2,500 115 .078
NACA
[~ SR o ®
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